In this work, the bands of a Sentinel-2A image with spatial resolutions of 20 m and 60 m are sharpened to a spatial resolution of 10 m to obtain visible and near-infrared (VNIR) and shortwave infrared (SWIR) spectral bands with a spatial resolution of 10 m. In particular, we propose a two-step sharpening algorithm for Sentinel-2A imagery based on modified, selected, and synthesized band schemes using layer-stacked bands to sharpen Sentinel-2A images. The modified selected and synthesized band schemes proposed in this study extend the existing band schemes for sharpening Sentinel-2A images with spatial resolutions of 20 m and 60 m to improve the pan-sharpening accuracy by changing the combinations of bands used for multiple linear regression analysis through band-layer stacking. The proposed algorithms are applied to the pan-sharpening algorithm based on component substitution (CS) and a multiresolution analysis (MRA), and our results are then compared to the sharpening results when using sharpening algorithms based on existing band schemes. The experimental results show that the sharpening results from the proposed algorithm are improved in terms of the spatial and spectral properties when compared to existing methods. However, the results of the sharpening algorithm when applied to our modified band schemes show differing tendencies. With the modified, selected band scheme, the sharpening result when applying the CS-based algorithm is higher than the result when applying the MRA-based algorithm. However, the quality of the sharpening results when using the MRA-based algorithm with the modified synthesized band scheme is higher than that when using the CS-based algorithm.
Introduction
Sentinel-2A satellite images, which support Copernicus land-monitoring research, have various spatial and spectral resolutions and are efficient for acquiring geo-information from the entire Earth [1] . The imagery produced by the Sentinel-2A satellite has spatial resolutions of 10, 20, and 60 m and consists of the visible and near-infrared (VNIR) and shortwave infrared (SWIR) bands. The key mission objectives for Sentinel-2A are to (1) provide systematic global acquisitions of multispectral imagery with a high revisit frequency and high spatial resolution; (2) enhance the continuity of multispectral imagery from the Satellite Pour l'Observation de la Terre (SPOT) series of satellites; and (3) provide observations to produce the next generation of operational products, such as maps of land cover, land-cover changes, and geophysical variables [1] . Recently, studies using the various features of Sentinel-2A imagery have been conducted. Richter et al. [2] used the spectral information of Sentinel-2A for leaf area index (LAI) mapping to create an optimal combination of multispectral
The main objectives of this work are to develop a new framework to (1) sharpen Sentinel-2A imagery with various spatial resolutions of 20 and 60 m to 10 m using the higher spatial resolution bands at 10 m and (2) enhance the spectral and spatial quality of sharpened Sentinel-2A imagery, compared to existing sharpening algorithm for Sentinel-2A imagery. To sharpen bands with spatial resolutions of 20 and 60 m to high spatial resolution bands (10 m), we propose an extended sharpening framework with two steps based on the modified selected band and synthesized band scheme. The proposed algorithm adds a layer-stacking method in each band scheme and integrates the 20 and 60 m bands using a modulation transfer function (MTF) filter to produce a set of optimal panchromatic images that is most spectrally similar to the multispectral bands with 20 and 60 m spatial resolution. Then, several CS-and MRA-based algorithms, such as the Gram-Schmidt adaptive (GSA), Gram-Schmidt 2 (GS2), generalized intensity-hue-saturation (GIHS) and modulation transfer function-generalized Laplacian pyramid (MTF-GLP) algorithms, are used to sharpen the Sentinel-2A satellite imagery [21, [28] [29] [30] . We compare the sharpening results of the proposed method with those of the existing selected band and synthesized band schemes to verify the sharpening performance of the proposed method. A comparison between the proposed and existing selected and synthesized methods is conducted through qualitative and quantitative evaluation. Visual inspection is used for qualitative evaluation, and quantitative evaluation is performed by calculating indices to confirm the spectral and spatial accuracy.
This manuscript is organized as follows. Section 2 presents the dataset of Sentinel-2A satellite imagery, the theory of the general pan-sharpening framework, and the drawback of the existing selected and synthesized band scheme. In Section 3, we describe the sharpening methodologies that are based on modified band schemes for Sentinel-2A imagery. The experimental results and discussion are provided in Sections 4 and 5, respectively. Section 6 concludes the manuscript.
Previous Studies on Pan-Sharpening of Sentinel-2A

General Pan-Sharpening Schemes
Pan-sharpening is a technique that produces multispectral images with high spatial resolutions by injecting the spatial information extracted from panchromatic images with high spatial resolution into multispectral images with low spatial resolutions [9, 31] . The general pan-sharpening algorithm is defined in Equation (1) [32] :
where MS n is the pan-sharpened multispectral image of the nth band, MS n is the interpolated image of the multispectral image on the scale of P, g n is the vector of injection gains, P is the panchromatic image with a high spatial resolution, I L is the synthetic intensity image with a low spatial resolution, and N is the number of spectral bands. As mentioned in Section 1, pan-sharpening algorithms can be classified into CS-and MRA-based techniques, which correspond to the generation method of I L . In CS-based pan-sharpening algorithms, I L is generated using the weighted combinations of a multispectral image with a low spatial resolution. The representative method for creating I L is to use the average of multispectral bands or multiple linear regressions between panchromatic and multispectral images. Meanwhile, in MRA-based pan-sharpening algorithms, I L is extracted from the panchromatic image as the panchromatic image is decomposed into a lower spatial resolution through wavelet decomposition, image pyramid, and low pass filtering [15] . The pan-sharpened results from CS-based techniques effectively reflect the spatial characteristics of the panchromatic image, although the spectral characteristics of the multispectral image are distorted. Although the pan-sharpened results of MRA-based techniques effectively reflect the spectral characteristics of the multispectral image, these results generate more spatial distortions than CS-based techniques.
In addition to I L , g n is one of the most important parameters in both CS-and MRA-based pan-sharpening algorithms. g n affects the spatial and spectral quality of the pan-sharpened image and functions as a tradeoff parameter between the spectral and spatial distortions [33] . The traditional method for generating g n is an empirical formula or statistical methods. While CS-and MRA-based algorithms can be classified according to the method for generating I L , the injection gains reflect the characteristics of specific pan-sharpening algorithms.
Sentinel-2A Satellite Imagery
The Sentinel-2A images used in this manuscript are level-1C products, which are radiometrically and geometrically corrected datasets. Sentinel-2A satellite imagery consists of ten VNIR bands and three SWIR bands. According to the Sentinel-2A data quality report, the 10th of the thirteen bands in a Sentinel-2A image is an uncalibrated band [34] . This band displays a noise pattern in bright images that are generated by detector saturation. The datasets that are used in this manuscript also contain noise; therefore, twelve bands are used in the experiments, and the 10th band is neglected. Table 1 shows the specifications of the Sentinel-2A images. 9 } represents the original multispectral image with a spatial resolution of 60 m, and MS60 k is the kth band of MS60 (k = 1, 2).
Existing Algorithm for Pan-Sharpening Sentinel-2A Imagery
Sentinel-2A imagery provides multispectral bands with various spatial resolutions of 10, 20, and 60 m, so traditional pan-sharpening frameworks, such as Equation (1), cannot be directly applied to Sentinel-2A images. As mentioned in Section 1, a panchromatic image of a single band should be defined for sharpening, while Sentinel-2A imagery includes four high spatial resolution bands (MS10). Therefore, some researchers proposed algorithms for pan-sharpening Sentinel-2A imagery. The major concept of existing methods for sharpening Sentinel-2A imagery is how to determine the optimal panchromatic images using MS10. In the case of Vaiopoulos and Karantzalos [22] , MS 8 was directly used as the panchromatic image for sharpening MS 8a , while MS 5 , MS 6 , and MS 7 were sharpened using the average of MS 5 and MS 8 based on the assumption that these bands were spectrally appropriate for each multispectral band in MS20. Wang et al. [7] proposed two schemes that were based on utilizing a hyper-sharpening algorithm, which was developed by Selva et al. [23] , to determine the panchromatic image among four bands of MS10 for the Sentinel-2A-imagery sharpening of MS20. These two schemes are known as the selected and synthesized band schemes, which determine the panchromatic image among multispectral images. The objective of these two schemes is to produce optimal panchromatic images using the statistics of multispectral images (e.g., between MS10 and MS20). Existing algorithms are used to sharpen MS20 using MS10, so the two schemes by Wang et al. [7] describe the process of sharpening MS20. Based on Equation (1), the sharpening of MS20 can be applied using Equation (2):
where P m is the optimal panchromatic image according to MS20 m , and I m is the synthetic intensity image from P m . Therefore, the three parameters g m , P m , and I m in Equation (2) should be determined for sharpening. I m and g m are determined using the general pan-sharpening algorithm, as mentioned above. The selected and synthesized band scheme is applied to obtain the optimal P m for sharpening MS20 m . P m can be determined by defining the function f according to MS10 and MS20, as shown in Equation (3) .
Spectral distortion occurs in sharpened images if a panchromatic image for extracting the spatial details during pan-sharpening is not covered by the wavelength of each multispectral band or does not have similar spectral characteristics to each multispectral band [12] . Therefore, the function f in Equation (3) is used to generate the optimal P m , which has the most similar spectral information to MS20 when using MS10. The details of the two schemes are as follows.
Selected Band Scheme
The selected band scheme determines a single band from the set of MS10 based on which band displays the greatest correlation with each MS20 band. First, MS10 L n , which is the downscaled version of MS10 n , is generated using the MTF filter and image degradation and has an identical resolution to MS20. Then, the set of the optimal panchromatic band P m is selected according to each band of MS20 by calculating the correlation coefficient between MS10 L n and MS20. In the selected band scheme, P m is directly determined using the band MS10 n with the maximum correlation with MS20 m . The formulations for determining P sel m , which is the set of optimal panchromatic bands from the selected band scheme, are shown in Equations (4) and (5):
Through Equations (4) and (5), P sel m is iteratively selected for every MS20 m . After determining P sel m , the synthetic intensity image is calculated to extract the spatial details to be injected. If an MRA-based sharpening algorithm is applied, the synthetic intensity image I m is calculated through P sel,L m , which is a downscaled and resized image of P sel m , using the MTF filter. For CS-based algorithms, weighted combinations such as the average of MS20 m or multiple linear regression between MS20 m and P sel m are used to calculate I m . Based on P sel m and I m , the sharpening of MS20 can be accomplished using Equation (2) . In Equation (2) , g m is extracted using various methods to extract injection gains according to MRA-and CS-based pan-sharpening algorithms.
Synthesized Band Scheme
The synthesized band scheme generates the set of optimal panchromatic images P m through the weighted combination of MS10 n . In the synthesized band scheme, P m is a completely new band that is spectrally similar to MS20 m but is not included among the MS10 bands. First, the MS10 L n and MS20 m images are subjected to multiple regression analysis to generate the set of optimal panchromatic bands P syn m . This multiple regression analysis can be defined via Equation (6) [14] :
ω m n , which are the weight values that correspond to the nth band of MS10 L , are determined using the least-squares method. Then, P syn m is calculated using Equation (7):
After generating P syn m , the process is similar to the selected band scheme. The synthesized band scheme is proposed because the P sel m values from the selected band scheme may not spectrally match each MS20 m band, which can create spectral distortion in sharpened images.
Drawbacks of the Existing Band Schemes
The selected and synthesized band scheme can be applied to sharpen MS60 with MS10. However, Sentinel-2A images are individually sharpened for MS20 and MS60, which cannot be applied with the spectral and spatial characteristics according to the overall bands of Sentinel-2A. In addition, some spectral distortion may occur in fused MS20 and MS60 images if no bands of MS10 have similar spectral characteristics to MS20 and MS60. Therefore, the quality of the sharpening is expected to be improved if MS10, MS20, and MS60 are simultaneously integrated and used. However, no research on this issue currently exists. In addition, using all the bands in Sentinel-2A imagery minimizes the spectral distortion that forms from the existing technique when performing conventional CS-and MRA-based pan-sharpening.
Method
In this work, we extended the sharpening framework based on the selected and synthesized band schemes. In particular, we attempted to increase the spectral and spatial quality of sharpened Sentinel-2A imagery using band-stacked multispectral images. In addition, we sharpened MS60 utilizing the framework for sharpening MS20 to generate the optimal P m and I m .
Study Area and Materials
Two study areas that were covered by 1800 × 1800 pixels in bands with 10 m spatial resolution were selected in this manuscript. These images were taken on 6 August 2016 and 16 October 2016. These two study areas were selected to investigate the effects of different land-cover types on the sharpening process, as shown in Figure 1 . Site 1 contains paddy fields, forests, and oceans; Site 2 contains more complex land cover compared to site 1 and includes urban areas, forests, paddies, and bare soil.
Proposed Band Scheme
The objective of the proposed band scheme is to select the set of optimal panchromatic image P and produce the optimal I in Equation (1) . The proposed selected and synthesized band scheme involves two steps. In the first step, MS20 is stacked with MS60, and then MS60 is sharpened. In the second step, sharpened MS60 are stacked with MS10 and MS20, respectively, and then, MS20 is sharpened. Figure 2 presents the workflow of the proposed selected and synthesized band scheme. 
Sharpening with and
The first step of the proposed band scheme is to sharpen from a spatial resolution of 60 m to a spatial resolution of 10 m. In the first step, the key difference between the proposed band scheme and the existing band scheme is that a combination of multispectral images with different spatial resolutions is applied to the multiple linear regression analysis. In each band scheme, are iteratively selected for every band using correlation analysis (Equations (4) and (5)) or multiple linear regression (Equations (6) and (7)) between , which has an identical resolution to , and , depending on whether the selected or synthesized band scheme is used. To generate the optimal , the MTF filter is applied to to scale down to the same number of pixels as 0, and the downscaled are stacked with with a spatial resolution of 60 m, as shown in Equation (8) .
where represents the images that are downscaled to a spatial resolution of 60 m with the MTF filter and ′ represents the band-stacked multispectral images with eight bands. MTF can downgrade the spatial resolution of an image [14] . In the first step of the proposed selected band scheme, the stacked ′ bands and , which is the downscaled image of to a spatial resolution of 60 m from the MTF filter, are used to produce the . In the MRA-based algorithm, the proposed selected scheme represents an identical pan-sharpening result to the existing selected band scheme because MRA-based algorithms with the proposed and existing selected band schemes generate using only . However, in CS-based algorithms, the proposed selected and synthesized band schemes are different from the existing band schemes in that ′ is used to weighted combinations, such as the average of multispectral images or multiple regression analysis, to generate . For example, the GIHS algorithm generates using the average of multispectral image, while the GSA algorithm uses multiple regression analysis. In the GSA algorithm, this multiple regression analysis can be defined as shown in Equation (9): 
Sharpening MS60 with MS10 and MS20
The first step of the proposed band scheme is to sharpen MS60 from a spatial resolution of 60 m to a spatial resolution of 10 m. In the first step, the key difference between the proposed band scheme and the existing band scheme is that a combination of multispectral images with different spatial resolutions is applied to the multiple linear regression analysis. In each band scheme, P k are iteratively selected for every MS60 k band using correlation analysis (Equations (4) and (5)) or multiple linear regression (Equations (6) and (7)) between MS10 L n , which has an identical resolution to MS60, and MS60 k , depending on whether the selected or synthesized band scheme is used. To generate the optimal I k , the MTF filter is applied to MS20 to scale down to the same number of pixels as MS60, and the downscaled MS20 L are stacked with MS60 with a spatial resolution of 60 m, as shown in Equation (8) .
where MS20 L represents the images that are downscaled to a spatial resolution of 60 m with the MTF filter and MS60 represents the band-stacked multispectral images with eight bands. MTF can downgrade the spatial resolution of an image [14] . In the first step of the proposed selected band scheme, the stacked MS60 bands and P L k , which is the downscaled image of P k to a spatial resolution of 60 m from the MTF filter, are used to produce the I k . In the MRA-based algorithm, the proposed selected scheme represents an identical pan-sharpening result to the existing selected band scheme because MRA-based algorithms with the proposed and existing selected band schemes generate I k using only P k . However, in CS-based algorithms, the proposed selected and synthesized band schemes are different from the existing band schemes in that MS60 is used to weighted combinations, such as the average of multispectral images or multiple regression analysis, to generate I k . For example, the GIHS algorithm generates I k using the average of multispectral image, while the GSA algorithm uses multiple regression analysis. In the GSA algorithm, this multiple regression analysis can be defined as shown in Equation (9):
where ω k r , which are the weight values that correspond to the rth band of MS60 , are determined through the least-squares method, and r is the band number of MS60 . Subsequently, I k is calculated using Equation (10):
Compared to the case where only MS60 is used in existing band schemes to sharpen Sentinel-2A imagery, a synthetic intensity image that is spectrally similar to P k can be generated because the root mean square error (RMSE) of the regression analysis can be greatly reduced when MS60 is used. Therefore, the spectral distortion that occurs in the CS-based sharpening algorithm can be greatly reduced through the proposed band schemes. After calculating P k and I k , the sharpened image MS60 k can be calculated using Equation (11):
Sharpening MS20 with MS10 and MS60
In the second step of the proposed band schemes, MS60, which are sharpened to a spatial resolution of 10 m by Equation (11) , are used as if they were included in the MS10 and MS20 dataset with a spatial resolution of 10 and 20 m, respectively. The new band-stacked multispectral images MS10 and MS20 are defined using Equations (12) and (13):
where MS60 L represents the images that are downscaled by the MTF filter to a spatial resolution of 20 m based on the sharpened image MS60. By adding MS60 from the first step to the set of MS10, as shown in Equation (14), we increased the number of MS10 bands that are likely to have similar spectral characteristics to MS20 in both the selected and synthesized band schemes. This approach may increase the probability that a band with the most similar characteristics to a specific band of MS20 is selected. In addition, we attempted to reduce the RMSE of the regression analysis to generate I in the CS-based algorithm by adding MS60 to the band set of MS20. Therefore, the sharpened MS60 was re-applied to the sharpening framework for Sentinel-2A imagery in the second step to improve the spectral quality of optimal panchromatic bands and synthetic intensity images. Using MS10 instead of MS10, the set of the optimal panchromatic images P m was calculated via Equations (4) and (5) or Equations (6) and (7) according to a specific band scheme. Then, I m was determined by the image degradation of P m or multiple linear regression between P L m and MS20 . Finally, the sharpened image could be extracted using Equation (14):
Experimental Methods for the Quality Evaluation of Sharpened Images
The general CS-and MRA-based pan-sharpening algorithms were applied to Sentinel-2A imagery using the existing selected and synthesized band scheme to evaluate the performance of our proposed selected and synthesized band scheme. For the existing pan-sharpening algorithms, we selected the GSA and GIHS for the CS-based algorithms and GS2 and MTF-GLP for the MRA-based algorithms. The GSA algorithm, which was proposed by Aiazzi et al. [21] , uses an intensity image that is produced from multiple regression, and its pan-sharpened results are known to be superior to other CS-based fusion results [33] . The GS2 algorithm's method for extracting injection gains is identical to that of the GSA algorithm; however, in the GS2 algorithm, an MTF filter is used to perform image degradation during synthetic intensity image generation. GIHS was developed to improve the spectral distortion problem from IHS [35, 36] . IHS-based pan-sharpening algorithms generate a synthetic intensity image through an average of multispectral images. The MTF-GLP is an algorithm that is used in the frequency analysis of panchromatic images, which uses digital filters with frequency responses and includes a model of the MTF of the imaging system [37] . The GIHS and MTF-GLP methods use equivalent injection gains, which are all set to 1.
Quantitative and qualitative evaluations were performed on the pan-sharpened Sentinel-2 images that were generated after applying each algorithm. A qualitative evaluation was performed though visual inspection. Meanwhile, no reference image existed for a comparison with the sharpened image. Consistency measurements are known to be efficient at estimating a sharpened image without a reference image [38] . A sharpened image was generated from the original satellite dataset. Then, the spatial resolution of the sharpened image was degraded to that of the original multispectral image, and the degraded sharpened image was quantitatively compared to the original multispectral image. The erreur relative global adimensionnelle de synthese (ERGAS), spectral angle mapper (SAM) method, universal image quality index (UIQI), and spatial correlation coefficient (sCC) were used to evaluate the spectral-spatial accuracy as the evaluation indices for the quantitative evaluation. The ERGAS is an index for evaluating the global spectral quality between corresponding bands of original and fused images and is defined as shown in Equation (15) [18, 39] :
where h is the spatial resolution of the sharpened image, l is the spatial resolution of the multispectral image, K is the number of bands in the sharpened image MS, MEAN(i) is the average value of the lth band, and RMSE is defined according to Equation (16) :
where M × N is the image size, MS L (i, j) is the pixel value of the sharpened image, and MS(i, j) is the pixel value of the original multispectral image. Therefore, RMSE 2 (i) indicates the RMSE between the ith band of MS and MS. Low ERGAS values correspond to small amounts of spectral distortion. The SAM method calculates the spectral distortion between two vectors and is defined according to Equation (17) [19, 40] :
where v is the spectral pixel vector of the original multispectral band and v is the pixel vector of the sharpened band. When the value of SAM equals 0, the spectral distortion is minimal. The UIQI evaluates the similarity between two images. The evaluation items are the correlation, radiometric distortion, and contrast distortion [41] [42] [43] . The UIQI is calculated from Equation (18): Q(x, y) = 4σ xy xy
where x and y are the original and sharpened images, respectively; σ xy is the covariance between x and y; and x and y denote the variance of x and y, respectively. When the UIQI value is close to 1, the lowest spectral distortion is observed.
The sCC is an index for evaluating the spatial detail between two images. The sCC is calculated using two steps [41] . First, spatially detailed information is extracted by applying a Laplacian filter to the two images to be evaluated. Second, the correlation between the two filtered images is calculated. A high sCC value indicates a high degree of consistency among many of the spatial details in the two evaluated images.
Experimental Results
The sharpened results of the Sentinel-2A imagery are evaluated and analyzed in this section. The CS-and MRA-based algorithms were applied to the proposed sharpening workflow. The results of the proposed methods were compared to the results of the selected and synthesized band schemes. Tables 2 and 3 show the evaluation indices used in the quantitative evaluation. The quantitative evaluation was performed in spectral-spatial terms by calculating the fusion evaluation index. The quantitative evaluation was calculated using the sharpening results and the resampled original image. We evaluated the sharpening quality according to the 20 and 60 m bands to confirm the feasibility of the proposed method for various bands. Table 2 shows the CS-based sharpening results, and Table 3 lists the MRA-based sharpening results. Table 2 shows the results of the quantitative evaluation of the CS-based sharpening results. The sharpened results from the GSA and GIHS method-based selected band scheme show lower ERGAS/SAM values and higher UIQI/sCC values than those from the synthesized band scheme. These results indicate that the selected band scheme is more efficient in the CS-based sharpening of Sentienl-2A imagery than the synthesized band scheme. In addition, the sharpening results of the proposed selected and synthesized band scheme show better spectral and spatial quality than the existing selected and synthesized band scheme by Wang et al. [7] . At site 1, the GSA sharpening results of the proposed selected band scheme have the highest spectral and spatial qualities of any other algorithm. At site 2, the GSA sharpening results of the proposed selected band scheme show the highest UIQI/sCC values and the lowest ERGAS/SAM values in the 60 m bands. The GIHS sharpening results of the proposed selected band scheme have the lowest ERGAS and SAM values in the 20 m bands. However, the MRA-based sharpening results, which are shown in Table 3 , differ from the CS-based sharpening results. The MRA-based sharpening results from the existing selected band scheme have identical spectral and spatial quality indices to those of the proposed selected band scheme. This result was obtained because the selected panchromatic image in the proposed selected band scheme was equivalent to the panchromatic image in the existing selected band scheme when selecting the band with the highest correlation. No additional information was available to generate a panchromatic image with multiple linear regression analysis, so these trends also occurred in the sharpening results of images with a spatial resolution of 60 m when using the synthesized band scheme. However, for ERGAS, SAM, and UIQI, which are spectral evaluation indices, the sharpening results of bands with 20 m spatial resolution showed high spectral qualities when the proposed synthesized band scheme was applied. In particular, the sharpened images of bands with 20 m spatial resolution from an MTF-GLP based on the proposed synthesized band scheme present the best ERGAS, SAM, and UIQI values relative to the sharpening results from other existing methods and the proposed selected band scheme algorithms. In addition, the proposed selected band scheme with the highest sharpening quality in the CS-based algorithm was compared to the proposed synthesized band scheme with the highest sharpening quality in the MRA-based algorithm. The results show that the CS-based method is superior in terms of spatial quality but that the MRA-based method is superior in terms of spectral quality. For visual comparison, Figures 3-6 show detailed images of the sharpened results for the two study areas, which are shown in the red box in Figure 1 . Figure 3 . CS-based sharpening results for study area 1 (bands 1, 8a, and 9 are shown as RGB): (a) resampled original image; (b) GSA result from the existing selected band scheme; (c) GSA result from the existing synthesized band scheme; (d) GIHS result from the existing selected band scheme, (e) GIHS result from the existing synthesized band scheme; (f) GSA result from the proposed selected band scheme; (g) GSA result from the proposed synthesized band scheme; (h) GIHS result from the proposed selected band scheme; and (i) GIHS result from the proposed synthesized band scheme. Figures 3 and 4 show the results of the CS-based sharpening, and Figures 5 and 6 show the results of the MRA-based sharpening for the two study areas. Panels (b−e) in Figures 3-6 show the results when using the existing method, and panels (f-i) show the results when applying the proposed method. CS-based algorithms are known to generate more spectral distortion than MRA-based algorithms, so similar results were obtained in this experiment. In Figures 3 and 4 , where a CS-based algorithm was used, the spectral characteristics of (b-e) and (f-i) were different. Compared to the resampled original image (Figure 3a) , spectral distortion occurred in (b-e) in Figures 3 and 4 when the existing method was used, and these results tended to be brighter and more distorted than the results from the proposed method. As shown in Figure 3d ,e,h, the results from the IHS-based algorithms generated using the average of the multispectral images, thus creating large spectral distortion. However, as shown in Figure 3i , the IHS results from the proposed synthesized band scheme showed relatively low spectral distortion because the optimal combination was found before performing the synthesized band scheme. The GSA and GIHS sharpening results from the proposed synthesized band scheme and the GSA results from the proposed selected band scheme showed the best visual quality. Similar spectral results were obtained in the sharpening results of Figures 5 and  6 , for which the MRA-based algorithm was used, although slight spatial distortions such as blurring were created in (b-e) when applying the existing method. When the existing and proposed selected Figure 3 . CS-based sharpening results for study area 1 (bands 1, 8a, and 9 are shown as RGB): (a) resampled original image; (b) GSA result from the existing selected band scheme; (c) GSA result from the existing synthesized band scheme; (d) GIHS result from the existing selected band scheme, (e) GIHS result from the existing synthesized band scheme; (f) GSA result from the proposed selected band scheme; (g) GSA result from the proposed synthesized band scheme; (h) GIHS result from the proposed selected band scheme; and (i) GIHS result from the proposed synthesized band scheme. Figures 3 and 4 show the results of the CS-based sharpening, and Figures 5 and 6 show the results of the MRA-based sharpening for the two study areas. Panels (b−e) in Figures 3-6 show the results when using the existing method, and panels (f-i) show the results when applying the proposed method. CS-based algorithms are known to generate more spectral distortion than MRA-based algorithms, so similar results were obtained in this experiment. In Figures 3 and 4 , where a CS-based algorithm was used, the spectral characteristics of (b-e) and (f-i) were different. Compared to the resampled original image (Figure 3a) , spectral distortion occurred in (b-e) in Figures 3 and 4 when the existing method was used, and these results tended to be brighter and more distorted than the results from the proposed method. As shown in Figure 3d ,e,h, the results from the IHS-based algorithms generated I using the average of the multispectral images, thus creating large spectral distortion. However, as shown in Figure 3i , the IHS results from the proposed synthesized band scheme showed relatively low spectral distortion because the optimal combination was found before performing the synthesized band scheme. The GSA and GIHS sharpening results from the proposed synthesized band scheme and the GSA results from the proposed selected band scheme showed the best visual quality. Similar spectral results were obtained in the sharpening results of Figures 5 and 6 , for which the MRA-based algorithm was used, although slight spatial distortions such as blurring were created in (b-e) when applying the existing method. When the existing and proposed selected band schemes were used, the highest spectral distortion occurred when the CS-based GIHS and MRA-based MTF-GLP algorithms, which set g n equal to 1, were applied. However, many of the spectral distortions were visually reduced when the same algorithms were applied to the proposed synthesized band scheme. The qualitative evaluation showed that the sharpening results from the synthesized band scheme were better than those from the selected band scheme, and the sharpening quality was improved in terms of the spectral-spatial aspects when sharpening was performed with the proposed selected and synthesized methods rather than the existing methods.
Remote Sens. 2017, 9, 1080 14 of 20 band schemes were used, the highest spectral distortion occurred when the CS-based GIHS and MRA-based MTF-GLP algorithms, which set equal to 1, were applied. However, many of the spectral distortions were visually reduced when the same algorithms were applied to the proposed synthesized band scheme. The qualitative evaluation showed that the sharpening results from the synthesized band scheme were better than those from the selected band scheme, and the sharpening quality was improved in terms of the spectral-spatial aspects when sharpening was performed with the proposed selected and synthesized methods rather than the existing methods. Figure 4 . CS-based sharpening results for study area 2 (bands 9, 7, and 1 are shown as RGB): (a) resampled original image; (b) GSA result from the existing selected band scheme; (c) GSA result from the existing synthesized band scheme; (d) GIHS result from the existing selected band scheme; (e) GIHS result from the existing synthesized band scheme; (f) GSA result from the proposed selected band scheme; (g) GSA result from the proposed synthesized band scheme; (h) GIHS result from the proposed selected band scheme; and (i) GIHS result from the proposed synthesized band scheme. (a) resampled original image; (b) GSA result from the existing selected band scheme; (c) GSA result from the existing synthesized band scheme; (d) GIHS result from the existing selected band scheme; (e) GIHS result from the existing synthesized band scheme; (f) GSA result from the proposed selected band scheme; (g) GSA result from the proposed synthesized band scheme; (h) GIHS result from the proposed selected band scheme; and (i) GIHS result from the proposed synthesized band scheme. 
Discussion
In this manuscript, we proposed sharpening methods for Sentinel-2A imagery based on selected and synthesized band schemes. Evaluations of the proposed method in two studies yielded the following findings:
(1) The sharpening result from GSA based on the proposed selected band scheme quantitatively and qualitatively demonstrated the best quality when compared to the other results from the CSbased algorithms. As shown in Figure 7 , the sharpening results from the proposed selected band scheme had lower ERGAS/SAM and higher UIQI/sCC values than those from the proposed synthesized band scheme. The sharpening of and produced similar tendencies. In addition, the quality improvement of the results from the proposed selected band scheme was further enhanced compared to the results from the synthesized band scheme. This observation suggests that the , generated by the selected band scheme, while generating with a weighted combination of multispectral images, more strongly minimized the spectral distortion.
(2) The existing and proposed algorithms based on the selected band scheme showed the same quality when sharpening the 60 m spatial resolution bands because the selected bands were identical to each other when selecting the band with the highest correlation. However, when applied to 20 m spatial resolution bands, the spectral quality was slightly higher than that of the proposed synthesized band scheme. As shown in Figure 8 , the sharpening results from the MTF-GLP based on the proposed synthesized band scheme produced the best spectral quality when sharpening 20 m spatial resolution bands. The optimal was only generated from the set of optimal panchromatic bands in the MRA-based algorithm, so the from the synthesized band scheme was the more critical parameter for spectral enhancement in the sharpening of Sentinel-2A imagery.
(3) The spatial characteristics of the sharpening results were significantly different when applying the CS-based algorithms to the proposed selected and synthesized band schemes. Figure 9 shows a zoomed image of the result when applying the CS-based GSA algorithm to the proposed 
(1) The sharpening result from GSA based on the proposed selected band scheme quantitatively and qualitatively demonstrated the best quality when compared to the other results from the CS-based algorithms. As shown in Figure 7 , the sharpening results from the proposed selected band scheme had lower ERGAS/SAM and higher UIQI/sCC values than those from the proposed synthesized band scheme. The sharpening of MS20 and MS60 produced similar tendencies. In addition, the quality improvement of the results from the proposed selected band scheme was further enhanced compared to the results from the synthesized band scheme. This observation suggests that the P, generated by the selected band scheme, while generating I with a weighted combination of multispectral images, more strongly minimized the spectral distortion.
(2) The existing and proposed algorithms based on the selected band scheme showed the same quality when sharpening the 60 m spatial resolution bands because the selected bands were identical to each other when selecting the band with the highest correlation. However, when applied to 20 m spatial resolution bands, the spectral quality was slightly higher than that of the proposed synthesized band scheme. As shown in Figure 8 , the sharpening results from the MTF-GLP based on the proposed synthesized band scheme produced the best spectral quality when sharpening 20 m spatial resolution bands. The optimal I was only generated from the set of optimal panchromatic bands P in the MRA-based algorithm, so the P from the synthesized band scheme was the more critical parameter for spectral enhancement in the sharpening of Sentinel-2A imagery.
(3) The spatial characteristics of the sharpening results were significantly different when applying the CS-based algorithms to the proposed selected and synthesized band schemes. Figure 9 shows a zoomed image of the result when applying the CS-based GSA algorithm to the proposed methods. The zoomed images show that the selected band scheme emphasized more spatial characteristics than the synthesized band scheme when applying the CS-based algorithm to the proposed method. In terms of spatial detail, the edges of urban objects, such as roads and buildings, were sharpened, and the cropland boundaries could be identified.
Remote Sens. 2017, 9, 1080 17 of 20 methods. The zoomed images show that the selected band scheme emphasized more spatial characteristics than the synthesized band scheme when applying the CS-based algorithm to the proposed method. In terms of spatial detail, the edges of urban objects, such as roads and buildings, were sharpened, and the cropland boundaries could be identified.
(a) (b) methods. The zoomed images show that the selected band scheme emphasized more spatial characteristics than the synthesized band scheme when applying the CS-based algorithm to the proposed method. In terms of spatial detail, the edges of urban objects, such as roads and buildings, were sharpened, and the cropland boundaries could be identified.
(a) (b) (a) (b) (c) Figure 9 . Zoomed images of the sharpening results from the proposed methods when applying the GSA algorithm to study area 2 (bands 8a, 11, and 12 are shown as RGB; upper line is subarea 1 and lower line is subarea 2): (a) original spatial resolution image; (b) sharpening result from the proposed selected band scheme; (c) sharpening result from the proposed synthesized band scheme.
Conclusions
The sharpening method proposed in this work represents an improvement over the existing selected and synthesized band schemes. The major difference between the selected and synthesized band methods proposed in this manuscript was observed in the generation of a set of optimal panchromatic images by integrating the original multispectral bands with 20 and 60 m spatial resolution. The experimental results showed that the sharpening results of the proposed sharpening framework were improved in terms of the spatial and spectral properties when compared to the existing selected and synthesized band scheme. However, the results of the sharpening algorithm when applied to the proposed schemes showed different tendencies. In the case of the proposed selected band scheme, the sharpening results by the CS-based algorithms represent higher spatial quality compared to those by the MRA-based algorithms. Conversely, the sharpening results by the MRA-based algorithms showed improved spectral quality when using the proposed synthesized band scheme. Therefore, the sharpened image of Sentinel-2A imagery using the proposed synthesized method with MRA-based algorithms is advantageous for applications based on spectral features, such as image classification and change detection. If spatial clarity is required in the application of remotely sensed imagery, such as in image interpretation and feature extraction, researchers should use the proposed selected method based on CS-based algorithms to sharpen Sentinel-2A imagery. Future research will be conducted to develop optimal sharpening methods for application with other types of satellite images and heterogeneous sensors.
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